Chemical looping technologies are identified as to have a great potential for CO2 capture and fuels synthesis. Oxygen carriers are the fundamental component of a chemical looping process, and the choice of stable and efficient carriers with fast redox kinetics is the key for the successful design of the process. Hence, understanding the reaction kinetics is of paramount importance for the selection of an appropriate oxygen carrier material. This work provides a method for kinetic model selection based on statistical approach to identify the reaction mechanism. The study experimentally investigates the oxidation kinetics of CeO2- by CO2 and applies a statistical method for the selection of the best-fitting kinetic model for the reaction. The kinetic study is 
Introduction
Global warming constitutes currently one of the most discussed environmental issues, and the scientific community converges toward the awareness that the human impact on the environment is becoming more and more unsustainable. Most recognized responsible of such phenomenon are the greenhouse gases, mainly the carbon dioxide. One of the approaches to reduce CO2 emissions from fossil fuels is carbon capture and sequestration (CCS). Carbon dioxide can be separated from the emissions originated from fossil fuels combustion by using different technologies (e.g., absorption, adsorption, cryogenic distillation, etc.) and then sequestrated in geological formations or injected into nearly depleted oil/gas reservoirs for Enhanced Oil Recovery (EOR). Although several CCS technologies exist, there are significant challenges still associated with CCS, mostly due to safety and long term stability and economic reasons [ 1 ]. The energy needs and environmental concerns, thus, drive to look after alternative approaches, such as CO2 splitting and/or utilization for the synthesis of fuels (e.g., methanol) [ [2] [3] [4] ].
Thermochemical dissociation of CO2 (also called as chemical looping CO2 splitting) into CO attracted significant interest after the initial success of thermochemical H2O splitting [ 5 ] . In fact, thermochemical cycles were initially focused on hydrogen production from water splitting using oxygen carrier materials. In a thermochemical cycle, the oxygen carrier participates in two separate redox reactions, in which it is first thermally reduced and subsequently oxidized by H2O or CO2. The thermal reduction (TR) step of the cycle is endothermic and requires a higher valence metal oxide, which releasing oxygen upon supply of external heat forms a lower valence oxide of the metal. In the second step, the reduced metal oxide is oxidized back to higher valence state by taking oxygen from H2O or CO2 to form H2 or CO [ 6 ] . Here, a reduction temperature higher than the oxidation one is the thermodynamic constraint for this process to be attainable, as shown in Figure 1 . The net outcome of the cycle is the same as splitting H2O -or CO2 -into H2 and O2 -or CO and O2 -in a single step reaction, but compared to a single-step thermolysis reaction, it requires a sensibly lower temperature (e.g., water thermolysis takes place at above 2300 °C) and it also bypasses the problem of formation of explosive mixtures by producing separate streams of H2 or CO and O2 [ 7, 8 ].
In this work, ceria-based thermochemical looping for CO2 splitting is investigated. Ceria has been chosen as it is considered one of the most promising redox oxygen carriers because of its fast chemistry, high ionic diffusivity and large oxygen storage capacity. Using oxygen-deficient ceria, CO2 is dissociated into CO via:
Oxidation:
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CeO CeO + 0.5δO (g)  (Eq 2) where δ is the non-stoichiometric oxygen capacity, corresponding to the surface oxygen vacancies determining the extent of CO2 dissociation (Eq. 1). Vacancies are formed back in the reduction step by the release of oxygen (Eq. 2). In thermochemical CO2 splitting the oxygen removal step can be achieved either by heating ceria to a high temperature (~1400 o C) using concentrated solar irradiation (Eq. 2) or by reducing the oxygen carrier using H2 (or even other fuels, e.g. CH4), also called as reactive-chemical looping CO2 splitting (RCLCS).
Hydrogen reduction:
The transfer of oxygen between the two redox steps exploits the oxygen non-stoichiometric capacity of the ceria, and the oxygen carrier remains intact at the end of the cycle. Though the redox cyclic process to produce syngas shows a promising potential, there are major challenges to achieve the high temperature required for the thermal reduction, which needs a concentrated solar plant (CSP) [ 9 ] . Apart from high heat demand, the large temperature swing between the two-steps render the process to be less efficient if not designed in a proper way.
Among many oxygen carrier materials for CO2 splitting, ceria has been widely investigated in experimental studies. A number of experiments [ [10] [11] [12] [13] [14] [15] [16] [17] [18] ] have demonstrated the feasibility of CO2 splitting with ceria, as listed in Table 1 . However, only few studies reported the reaction kinetics, mainly following equilibrium approach, defect model theory, empirical solid state kinetics models[ [19] [20] [21] [22] [23] [24] [25] [26] [27] ]. Arifin [ 27 ] has investigated the kinetics of splitting of water and CO2 over ceria and found that it is difficult to converge on a single kinetic model that adequately predicts the CO production behavior from thermally reduced ceria over the entire temperature range investigated.
In order to achieve a high quality fit to the data, three separate had to be used within the F family of models to give the best-fit to the CO transient signal with different kinetic parameters. Bulfin et al [ 26 ] developed an analytical kinetic model to fit experimental data and found that R3 model Table S1 (supplementary data) with detailed formula.
In this work, CO2 dissociation over ceria is investigated by experiments and the measured reaction rates are used for kinetic models selection based on statistical approach to identify the reaction mechanism.
Isothermal redox cycles of CeO2 commercial powders are carried out in a horizontal tubular reactor in the temperature range of 700-1000 o C. H2 is used for the ceria reduction in order to explore the maximum non-stoichiometric capacity (δ) achieved at a certain temperature while using different concentration of carbon dioxide in the oxidation step. The temperature swing is thus replaced by isothermal operation for developing the kinetics. The CO production during the oxidation reaction is measured using an online mass spectrometer. Based on the reactivity data from the experiments, many kinetic models based on different reaction mechanisms (i.e., reaction order, geometrical contracting, diffusion, and nucleation models) are compared using statistical criteria -Residual sum of squares (RSS), Akaike information criterion (AICc) and the F-test -and the best-fitting model is selected and the corresponding ceria oxidation mechanism is identified. 
Reaction activity testing
The experimental setup consists of a horizontal alumina tubular reactor, a control unit, a gas delivery system and a real-time gas analysis system with an online mass spectrometer. The system layout and the details of the reactor are shown in The non-stoichiometry is basically the amount of oxygen that the solid reactant can accept from the CO2, so, starting from a reduced state, it decreases while the reaction occurs because the ceria is oxidized. At the end of the oxidation, oxygen vacancies are depleted and no more oxygen is incorporated in the material. The maximum non-stoichiometry is affected by the temperature, with an increase of available vacancies when the ceria is reduced at higher temperature.
Material characterization
To confirm the lattice structure of the samples before and after cycles, X-ray diffraction (XRD) was performed using a PANalytical X'pert MPD Pro diffractometer with Ni-filtered Cu Kα irradiation (wavelength 1.5406 Å). All samples were scanned in the 2θ range from 5° to 80° with a step size of 0.2°/s. For a rough estimation on sintering effect, crystallite size of samples before and after test were calculated from the Scherer equation (Equation 7) based on the strongest peak.
cos
where D, λ, β, and θ are the grain size, X-ray wavelength, line broadening at half the maximum intensity, and Bragg angle respectively. Crystallite micrographs were obtained with a field emission scanning electron microscope (SEM, JSM7800F) at an accelerating voltage of 3 kV.
Reactivity results
The results of the tests have been firstly investigated considering the CO2 splitting performance of the tested materials in terms of CO production rate (Nml/min/g) and total CO yield (Nml/g). The different conditions in which the tests were carried out allowed a comparison with the purpose to understand the dependence of the performance of the oxygen carrier on temperature and reactant gas concentration. Figure 3 shows the CO production rate as a function of temperature from 700 to 1000 o C. In each plot, the reaction rate exhibits a fast initial stage, followed by a decrease. During oxidation, the fast initial CO increase corresponds to the rapid oxygen vacancies ion incorporation. Both temperature and reactant concentration play a role in determining the maximum rate. The peak rate varies nonlinearly with temperature and for temperature lower than 700 o C, CO production is limited due to the low oxygen non-stoichiometric factor. The increase of temperature to 800 o C showed significant enhancement of peak production rates, nearly 1.5 times. Further increase of temperature from 800°C to 1000 o C produces a less marked peak growth. All the peaks occur at around 15-30 seconds, and the peak duration increases with the temperature, due to the higher amount of available oxygen sites. After the peak, CO production rates decreases sharply at all the temperatures and approaches zero between 90 and 110 seconds. This shows strong temperature dependence of the CO rate profile, which becomes taller and wider at higher temperature, indicating a high activation barrier associated with the CO2 splitting process [ 19 ] . . In all the cases, an almost linear rise of total CO production is observed from 9 ml/g at 700°C to 33 ml/g at 1000 o
Effect of temperature
C. Figure 4 also shows that the effect of CO2 concentration on the total production of CO is sensibly lower than temperature variation. The strong temperature dependence is evident from the earlier studies [ 14, 16, 25, 29 ]. 
Effect of CO2 concentration
The effect of concentration of the oxidant is investigated to identify the dependence of it on kinetics and the influence on conversion time. 
Kinetic study of ceria oxidation
Generally, the reaction mechanism of solid state reactions is described using reaction-order models (F), geometrical contraction models (R), diffusion-limited models (D), nucleation models . The schematic description of the general kinetic models is illustrated in Figure S3 (supplementary file). ] the intraparticle heat gradients are negligible and thus the particle can be approximated to be isothermal.
In this paper, the reaction kinetics study is carried out by fitting different models to the experimental data shown in Section 3 in order to identify the solid-state reaction kinetic 
Model fitting method
The kinetic study needs as input data the extent of reaction during time, which can be derived from the cumulative of the CO produced as equation 8.
The extent of reaction (α) for each time instant is given by equation 9.
In other words, the extent of reaction at time ti is the ratio between i-th value of the cumulative and the final value of the cumulative. It implies that varies from 0 to 1. These values are the experimental αs that should be compared with the αs coming from the models.
To obtain the kinetic model, a mathematical equation should be developed. The kinetic expression for gas solid reaction can be expressed as Eq. 10 [ 39 ]:
Where α is the conversion,
and P is the partial pressure of CO2, m is the reaction order and f(α) is a function of α depending on the reaction mechanism. The coefficients A and Ea are the Arrhenius parameters; Ea being the activation energy and R is the gas constant that is equal to 8.314 J/mol/K. The first step of calculations was the fitting of the model with the raw data. For this purpose, Eq. In other terms, equation 12 is also expressed as:
The slope of the curve ( ) vs t is the parameter K. The slope between natural log of K vs 1/T (Eq. 14) gives the activation energy as negative slope. The intercept will be ln(AP The basic procedure here is to utilize the kinetic expressions of the models reported in Table S1 to match the experimental data in the form of dα/dt vs α and α vs t profiles by fitting the value of the K parameter, and then select the models with smallest residual sum of squares (RSS) among candidate models with the same number of parameters [ 40 ] . Two parameters models (i.e.,
Avrami-Erofe'ev (AEn)) and three parameters models (i.e., Sestak-Berggren (SB)) need also the evaluation of additional parameters. 
Statistical methods for model discrimination

Statistical analysis of models
The comparison among the 19 different kinetics models listed in Table S1 , beyond a graphical observation, is made using statistical tools. The statistics takes in input two sets of data. The table S1 ).
In geometrical contraction models R2 model has lower RSS and AICc values with n = 1.11. In
Diffusion based reaction mechanism D1 with n = 0.62 had lowest AICc. Two nucleation models (AE2 and AEn) were selected because showed similar values of RSS and AICc. This is due to the fact that the values of avrami exponent (n) for AEn -calculated with equation 16 -were close to somewhere around 1.9, which is almost the same value of the exponent of AE2. Similar values of n were also predicted from Hancock and Sharp method applied to AEn (described in supplementary data). Thus, the AEn and AE2 are of same category: the category of nucleation and grain growth.
The results for the selected models are listed in Table 2 and are plotted in Figure 8 for 20% and 40% CO2 concentration. Similar behavior for the 30% CO2 concentration is obtained, as can be seen in supplementary data ( Figure S5 and S6). only AEn, AE2 and SB models fit well with 0<α<1.0.
In conclusion, nucleation model (Avrami Erofe'ev) and SB model were in close agreement with the αexp and dα/dtexp in all the conditions investigated. These models are of same reaction mechanism except that AEn is based on two parameters and SB is an even more complex model based on three parameters. In order to identify the best suited model that describes the mechanism we adopted the F-test method to distinguish between the three models selected (AE2, AEn and SB).
F-test
The F-test is more common method adopted to determine the statistically significant model between versions of varying complexity. The procedure is to select the model with the smallest RSS among all the models with the same number of fitting parameters, and where RSSj is the Residual Sum of Squares of model j and RSSmin is the minimum RSS between the two models. F-ratio follows the Fisher distribution with m and n degrees of freedom (which correspond to the sizes of the samples).
Fixing α, which is the level of risk (it is usual to refer to 1-α as level of confidence), the acceptance limits, called quantiles of order 1-α/2, can be extrapolated from the table of the Fisher distribution cumulative probability function.
After the identification of models which were with lowest RSS and AICc values, three models AE2, AEn and SB model were in agreement with experimental conversion values and F test has been applied for both the methods adopted (α vs. t and dα/dt vs. α).
The F-test results for 20% CO2 concentration is listed in Table 3 . F-test results for 30% and 40%
CO2 concentration (Table S5 and Table S6 ) can be seen in supplementary data.
It is yielded that for temperature 700 CO2 and 1000°C with 30% CO2, where SB is the winner model.
Globally, the SB model is the winner in 32 of the F-tests, while AEn in 27 and AE2 only in 13.
Therefore, with the methodology adopted both AE and SB model were in agreement with experimental data, but AE2 and AEn passes the F-test in fewer conditions than SB, which revealed to be the winner model for the larger number of conditions in either of the methods adopted. 
Kinetic parameter evaluation:
After the selection of SB as the best-fitting model, the kinetic parameters estimation is done. The ln(K) has been plotted versus inverse of temperature (1/T) for each concentration of CO2 as described through equation 14. Here x is the maximum non-stoichiometry that an oxygen carrier can reach during oxidation and reduction step. For ceria the value of x reported as 0. 35 [ 26 ] . Figure S7 (supplementary data) represents the analytical method adopted to verify the activation energy, and it came out as ~80 kJ/mol which is in-line with the kinetic methodology we adopted in our study and found it to be ~78.5 kJ/mol.
Conclusion
This work presents a detailed kinetics study of CO2 splitting using ceria. The time resolved kinetics were measured in a horizontal tubular reactor at atmospheric pressure. The ceria sample was alternatively exposed to 5%H2 in Argon mixture in the reduction step to remove the lattice oxygen, and CO2 in the oxidations step to produce CO in the redox cycle. Tests were performed under isothermal conditions (700-1000 o C) for multiple redox cycles for three CO2
concentrations between 20%-40% in Argon. Experiments showed that with increase of temperature the total CO production increases. For instance the total CO production at 700 o C was 9.19 ml/g and peak production was 13.25 ml/min/g, and for 1000 o C the total CO production was 28.15 ml/g and peak rate was 29.7 ml/min/g for CO2 concentration of 20%. For higher concentration of CO2 (40%) the total CO production increased to 33.66 ml/g and the peak rate to 46 ml/min/g for 1000 o C. The total CO production linearly increased with the increase of temperature, and the effect of CO2 concentration on total production was minimal. However, the effect of concentration of CO2 was seen with respect to peak rate signifying the time for conversion reduction.
In order to identify the reaction mechanism and kinetic model, statistical approach was adopted to select among different reactions models by fitting them to experimental reaction rates. The activation energies, the pre-exponential factors, and the reaction orders were determined. By determining the RSS and AICc values kinetic models were selected, and based on the complexity and the number of parameters the F-test considering upper quantile was used to select the best model. The results showed that the AEn and SB model are both suitable for describing the oxidation reaction, but SB model was the best-fitting one for most of the conditions of temperature and reactant concentration. The activation energy obtained considering the SB model was determined to be ~78.5 kJ/mol, in agreement with the literature. The present study gives a clear understanding in the model selection and mechanism of reaction for the entire range of conversion rate (0 < α < 1.0), which would help in designing the chemical looping CO2
splitting for packed bed or fluidized bed reactors for large scale system.
